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Preparing for this talk has been an interesting experience. I have had 

a chance to go back and review many of our early data books, and it has be- 

care clear that in the last 5 years, while we have advanced frcxn making 1 ft. 

magnets to making 22 ft. magnets, there are still many questions concerning 

superconductingmagnette&nolcqy that remain unanmed. In -areas such 

as systems, guality control, vacua technology, and cryostat construction, wa 

have made great strides. Inother areas such as mderstanding whymagnets 

train, wa have made very little progress. The data I will use in this talk 

will mostly be taken from Fermilab sources, and it involves the mrk of 

nany people that have been in the program since its inception. FrunwhatI 

have seen and heard, similar datahas been accunulated bymrkers at other 

laboratories. Nay let's look at the data: 

Trajning 

Perhaps one of the mst unique features of superconducting magnets is 

the fact that they "train." Projection 1 shows the training curves of 4 dif- 

ferentmagnets. By training, wsrean the phencnxanathatas the current is 

red up in a new magnet, it will reach a point at tiich a section of the 

superconductor goes normal. At this point, sune means rrolstbe found to re- 

duce the current to zero or the conductor will melt. The next time the cur- 

rent is run up, the magnet will go to a slightly higher field. A gad ex- 

arrple of this is shawn for-Magnet ElO-IA. A magnet such as this would not 

be suitable for use in an accelerator. The other 3magnets showninthepm- 

jection have -what batter training characteristics. An example of a very 
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wall behaved negnet is shown in Projection 2, where it is clear that the mag- 

net is essentially fully trained after the first quench. The falling points 

after the second quench is because themgnetwas tested atahighhand 

should be disregarded for this part of our discussion. This particular mg- 

net PM-59 reached a current of 5,150 amps, which represents the short ssaqle 

limit of the conductor used in the construction of Iha magnet. If a magnet 

quenches before it has reached the short sanple limit, it necessarily follows 

that scare portion of the conductor~tnomal during the r-q. This section 

of the talk will concern itself with the differences betxeen magnets like 

ElO-lA and PAE+59. 

Projection3showsahistogrsznofthen~ofquenclxsnecessaryto 

reach 95 percent of I- for a series of magnets that were constructed early 

intheFermilabprqrxn. It is seen fran this histogram that it is possible 

to build magnets that behave in a fashion suitable for use in an accelerator. 

Projection 4 displays an additional aspect of this data, namely, it shows a 

histogram of the distribution of peak current in the magnet relative to the 

short smple limit of the wire of which the magnet was constructed. Projec- 

tion 5 s~thehistqramof the actualmaximumqvench current reached for 

the individual magnets. 

It is clear that this data represents a series of magnets that trained 

with relatively few quenches to a current that approached very close to the 

shortsampleltitofthewire. 

I wouldnawliketo address the question ofwhatcauses amagnetto 

quenchbefore it reaches the short saqlelimitandwhydces amagnettrain, 
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i.e., why does the current at which it quanches increase each time it is 

quenched? It is obvious that we muldlike to identify the machmim for 

quenching and themachmim for training. 

In Projection 6, I show a n-r of quantities that I have calculated 

for a EWAL magnet. The horizontal scale represents temperature, and the 

vertical scale represents energy. The cave labeled cable entlmlpy repre- 

sents the total heat content of our 23 conductor wire as a function of tem- 

peraturepercentimster of lengthof cable. It is seen thatat5OK the en- 

ergy conteht of the cable is less than a millijoule par centimater of length. 

Tile slope of this curve at the operating temperature of 4.2O K is about .2 mJ 

w aeSree K. The critical temperature for niobium titanic is axound loo K, 

andhence, it~uldtakeabout4mJofemergyparcentineterofcable inorder 

to raise the temperature to the point where it would no longer be superwn- 

ducting. Howaver, when the cable is in amghetic field andcarrying a cur- 

rent, a much tiler change in temperature will drive the cable normal. For 

instance, if the cable is at90 percent of the short sam@elimit, a change 

of a tenth of a degree K will change the cable frm superconducting to nor- 

Ilkal. The 12r loss in the cable is then high enough to drive a quench wave 

down the conductor. We will discuss this p hemrena in more detail later. 

Thus,whenwa see a newly constructedmagnetguenching atlowsr currents 

than the short sanrple limit, wa are forced to look at sources of heat avail- 

able for driving tha wire nom1 and sources of cooling for absorbing such 

heat. There are two potential heat sinks available. The first is the speci- 

fic heat of thematrix andany liquidheliumcontaihed around the wire. The 

Fermilab cable has acertain amuntofopen space available for helium 
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penetration. This munts to about 10 percent of the cross section of the 

wire. I have shave on the curve the heat capacity of the captured liguid 

klium for a l/loo change in teqzerature (this assmes no boiling). It is 

equal to .65 mJ par centimeter of length of the wire. The ultimate beat capa- 

city frcxn this captured helium would be represented by the heat of vaporiza- 

tion, and that is shown by the arrow at the top of i&s graph, and it is 45 

m.Ipzr centimater of length. It is thus clear that the helium represents the 

mjor heat sink in the magnet. To give sm idea of the source of energy 

available for initiating a quench, I have shown l/2 P2/E, which is the elastic 

energy stored in the rratrix. Again, I have normalized this to the volmka of 

acentim&erlengthof the cable. Tl-e Yomgs rccdulus used is E = lo6 and is 

representative of the Femilab design. P* is of the order of several tlmu- 

sandpoundspersquareinch. It is clear that the energy stored elastically 

is much bigger than the energy needed to drive the wire nomnl when it is 

carrying a current close to the short sample limit. Hmver, I was surprised 

to see that this energy is hotenomuslylarge canpared to the energy re- 

guired to initiate a quench nor is it very large ccqared to the heat sink 

available in the helium. 

It should bementioned atthispointthattbere are tm prevalentthe- 

ories concerning the source of the energy to initiate a quench belav the 

shortsmplelimit. The first involves frictional motion of the conductor 

uuder Lorents forces, and the second theory postulates that the support mtrix 

cracks under the strainof the Lorentz forces, and the strain energy is ab- 

sorbed by the conductor and drives it nom&. That is why I sh& on Pro- 

jection 6 the elastic energy of the support matrix. I would like to stress 
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at this tine that wz do not know enough almut our magnets tc decide which 

mxhanimis the one that causes quenching, and it is this pointthatneeds 

to be elucidated by much mre research into their behavior. 

I will now show scm-e information that was accmulated while developing 

OUT magnet, and this evidence will show that, indeed, there wre motions of 

the conductor in the magnet, and these were samatirres rather large. 

First look at the change in diameter of a magnet as it is magnetized. 

Projection 7 shcws the radial distortion along the diameter perpendicular to 

the field as a function of magnet current. This change in diamater is pro- 

prtiond to the squareof the currentandis thebehavior thatmuldbeex- 

pacted from elastic displacemm t of the support structure by Lorents forces. 

l'hesemeasur-ts~emadebyinventingacaliperthatwasreadoutbyuse 

of a strain gauge. Projection 8 shms the change in outer diameter, and the 

difference between these two changes probably represents campaction of the 

winding under the large forces. Projection 9 shows the histogram of this 

outer radial motion for the s2me series of magnets that we have used before. 

In each case, the motion is very nearly elastic, i.e., the notion for the cur- 

rent increasing and the currentdecreasingis essentially the same andispro- 

pxtionaltothe squareof thecurrent. The value shown in Projection 9 is 

for 4 kA, which represents a field of about 35 kG. The amplitude of the m- 

tion that wa have been discussing fits well with the calculated predictions 

for the elastic deflection of the collars under the magnetic forces. It 

shouldbe said in passing thatthistype ofmtion,tiichina synchrotron 

canbe repeatedmnytimes, can cause fatigue failure in the collars. Tests 
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on the collars in the FNALmagnetsoriginally showedthattheymuldhave 

failed after about 1 million cycles. TIE present collars show a fatigue 

failure time of over 100 million cycles. This difference was achieved by 

operating the collars at a lower stress level and relieving the points at 

high stress by means of rounding the sharp corners. 

SQ far wa have shown data on radial notion of '&a conductor. In addi- 

tion to this radial notion, there is an azimuthal notion that causes canpac- 

tion of the coil. This motion is predaninently governed by the elastic nod- 

ulus of the coil rratrix itself. Since the coil matrix is not nearly as stiff 

as the collar, this nxotion can be considerably greater. Projection 10 shaws 

theazimuthalmotionoftk second conductor fnm the end of the coil rela- 

tive to thecollar. Again, in this particular rag-net, the motion is well fit 

by a parabola and is proportionalto 12. Also, there is very little hystere- 

sis in this notion as the arrows indicate on the curve. The ins-t used 

to make these measureraents has a wall correction due to the elliptical de- 

fornation of the collar, and this is shown in the dotted curve underneath the 

azimuthalrrotionand shouldbe subtractedfromthetop curve. tisazinukhal 

cunpaction was very difficult for us to learn how to control. In soms of the 

earlymagnets, the E shawnwxldberrore than 3Omils or about1/2 a conduc- 

tor width. Such large notion was no longer fit by a sin@e modulus, and the 

ncnlinear relationship gave rise to a very vlicated behavior of the de- 

flection. Furthermore, the curve for increasing currentanddecreasingcur- 

rent could be very different, thenotion slrxinglarge anrxnts of hysteresis. 
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Projection 11 shms an attempt to display the effect of the an@itude 

of this motion on the training behavior of the magnet. The vertical axis dis- 

plays the average ammt of this mtion versus the nu&er of quenches to 

fully train a magnet which is shown on the horizontal scale. RI make the 

reaninq of the points more clear, Imuldlike to explainthatfor instance 

the first point plotted at one quench consisted of averaging se for 14 rmg- 

nets which were fully trained in one quench. The size of the error bars 

shum are the deviation of this average value in the set of 14 magnets. As 

long as this motion is no more than about 5 mils, it is elastic and is wall 

fit by a parabolic motion. When it beccmes greater than 5 mils, in general 

itmams that the clm@ngm&mnisnis failing, and the collarisnolcmger 

restrainingthewire. Thus, the points at 15 quenches showing motions of 

20-25 mils represent unclamped conductors. This curvemuld seemto indicate 

that as long as the conductor is movinq elastically, the size of the motion 

is not closely related to the nmbar of quenches required to train the magnet, 

but that once the conductor is no longer clamped, the training is seriously 

affected. 

I wouldnextliketo showsma data that indicates that a fully trained 

magnetreallydces guenchatthe expected point in the windinq. Projection 

12 shows a view of one of the coils, both as a projection looking at tlra top 

and a cross section looking at the end. Point No. 2 is the high field tien 

the magnet is inserted inside of an iron yoke. The peak B at Point 2 is about 

10 percenthiqher than the B at the center of themagnet. Ontheotherhand, 

whf?n the magnet is tested without an iron yoke, the high field point moves 
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to the inside turn at the end of the inner shall of 'CJE mgnet, shown as 

Point1. The field at this pint is abut 20-22 percent higher than the 

field on the axis of the coil. Projection 13 shows the relevant data for a 

22 ft. magnet tested without the iron yoke. The straight line represents 

the maximum field point in the coil as a function of the current. The curvefl 

line represents ths wire characteristics as determined in the short sample 

test for the cable that was used in this magnet. The points along the magnet 

load line represent the individual quenches that took place as the magnet 

was trained. It is seen that the magnet gets to about 96 percent of its short 

smple limit. This type ofbehavioristypicalforthemgnets that we have 

ken talkhg about. I would now like to demmstrate that for one of ti-~ 1 ft. 

model magnets the quench did take place in the fully trained magnet at the 

expected high field point. Inorder tcunderstandthesemea surements, wz 

will have to investigate the subject of quench waves. 

Projection 14 shms tiat happens to a conductor when a section of it 

goes normal. At the bcttcm of this projection wa see a diagram of the tem- 

perature along the axis of the wire when one section of it has gone norm1 

and is carrying a high current. The I22 loss in this part of the wire titan 

it is carrying 5,000 amps is abut 25 watts per centimster of lenqth. This 

heat generation is so high that the helium in contact with the wire is not 

capable of keepinq it in the superconducting state. Consequently, more of 

the wire is driven into the nom1 condition, and a quench wave propagates 

out from this region with a velocity v 
q' 

The characteristicsof these quench 

waves ware studied in the experiment shmn schematically at the top of the 

projection. A hairpin &out 12 in- long of 23 conductor cable was inmersed 
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in liquid helium. It had little dipole contacts labeled A, B, C, D, and E 

located alcmq its length. Thebattanpartofthehairpinwasembeddedina 

hiqh field region, and the value of B in this region could be controlled 

separately. The hairpin carried a certain current I,, and a quenchwas ini- 

tiated in the conductor by means of a heater that could be pulsed. AS the 

guench wave propagated down the wire, itwouldbeccma normal, and thedipole 

probes connected to a chart recorder shmed the voltage drop across a centi- 

meter lenqth of the conductor as a function of tine. This is diagramed at 

the top right of the projection. Eymeasurinq the time of the appearance of 

the wave atvariousprobes andknming the distance between them,one could 

calculati thevelccityof the quenchwaveand study this dependence upon B 

and I,. 

Projection15 shays the results of -of thesemeasurements. The bare 

conductor is shun as wall as the conductor that was insulatedwithmylar in 

a fashion similar to the conductor used in the magnets. It is seenthat 

quench waves do not propagate below a cmrent of about 1,000 amps and that 

their velocity, once they start, is several meters per second and is rouqhly 

linearly dependent upon the c -t being carried in the conductor. We also 

ampare in this projection a sinqle strand where we have multiplied by 23 the 

current in order to put it on the same horizontal scale. It is seen that the 

mlinq of a single bare strand is scmmhat better than that of tk cable as 

a whole. Projection 16 shows the behavior of the quench velocity in a single 

strand as a function of the cmrent through it and as a function of the mg- 

netic field in which the conductor is inmarsed. 
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Figure 17 shcws the results of using quench waves to locate the position 

of a quench in a fully trained 1 ft. magnet. Multiple sets of dipole probes 

mre located along the conductor on each side of the points labeled X and Y. 

These probeswere COMected to achart recorder. Tkmagnetms then pulsed 

slowly until it reached its high field limit and quenched. The high field 

pint is representedby a cross atmut1/2 mybe~ the points X and Y. 

Therewareenoughprobeslocatedon thewindi.ng sothatone could determine 

both the velocity of the quenchwave and the point where it started. The 

histogramatthebottcanof the drawing shows the location of the pointwhere 

the quench started. It is seen that within a fewmillimeters the coil was 

quenching at its high field point. Thisexperimsntdemnstratesthatafully 

trainedmagnet~reachingitsshorts~lelimit,quenchesatthepoint 

predictedbytheory. 

There are other ways of demnstrating thatamagnetis operating at its 

short sample limit. The data in Projection 18 was obtained by Bill Samqxon 

atBrwkhaven. This was amagnetthatexhibited a fairamuntof training. 

For thesemeasurements, the temperature was varied. Since one knows the be- 

haviorof the short samplelimitof the conductor as a functionofteqzera- 

ture and one knows where the high field point is located in the magnet, one 

cmmke a predictedcurve of current versus temperature. Tbepredicbzd 

-e is sham as a solid line and the measured points as circles slightly 

belmthisline. The feature that is interesting to observe is that at a 

tmqzerature of about 5.5O , the quench current no longer increases; it levels 

off. It was concluded that this magnet was no longer quenching at its short 
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sample limit due to the fact that the magnetic forces ware greater than the 

mechanical forces of constraint and that the conductor was moving. It is 

'choughtthatthe conductormtionwas causingprmature quenching of the magnet. 

Figure 19 shcws sme data obtained at LBL on sawa ESCAR type magnets. 

This curve plots the variation in the quench field as a faction of the ramp 

rate. We will discuss this type of curve in more detail in a few minutes, 

but the ramp rate induces additional heating into the magnet through eddy 

current effects and causes the maximum B observed to decrease as a function 

of :. The data obtained in this case show the result of increased clamping 

of the conductors. Tk highest curve for the tightest clamping was at the 

short sa@eltitof the wire for themagnet. Again,= have a situation 

xheremotionof the conductor seems to cause prematurequenchingof themagnet. 

Iwouldliketo s mmarize this situation briefly at this point. 1've 

sham data on a large series of magnets that did not have serious training 

and went close to ths short saqle limit. These magnets all displayed elas- 

tic notim with little hysteresis. Chxe thismtionbe-slarge due to 

lack of elm-ping, and there is resultant frictional motion of the conductor, 

thennagnetsmay takemanyguenches to train and -times mynoteven reach 

the short saqlelimit. This is indicated in the two emles shown of a 

magnet fran IBL and one frm Brcokhaven. In addition, at Femilab we have 

observed rrany times that the magnetic field shape changes during training as 

wall as the mechanical dimensions of the magnet. Apparently, the process of 

training results in pe-ent shifts in the placement of the conductor. Once 

the conductor is in scxte type of stable location, the training effects cease, 

and the magnetteudsto gotoits short sample limit. 
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Next let's consider the subject of strain in the matrix and how it ef- 

fects the guenchinq and training of a magnet. It has been known for sane 

tine that elwxy in intimte contact with the conductor of a superconductinq 

mqnet will generate a situatim in which an excessive amunt of'traininq is 

displayed. Projection 20 shcws an extreme case in a magnet constructed at 

FmL. The conductor for this magnet was the sama as it was in the series of 

mgnets that shmed rather little training. Hcmever, it was spray coated with 

avery thin filmofepoxybefore themaqnetwas constructed in an attempt to 

solve a turn-to-turn short problem thatwa had atthattime. This was alft. 

mghet, and magnets in this series could generally be expected to train in no 

mre than 10 quenches. It is -that this mqnettrained slowly and that 

it never reached the short sample limit. The dips in the curve are caused 

byrampratetests and shouldbe disregarded in this discussion. This experi- 

ment was repeated on several identical magnets with similar results. 

Figure 21 shms an attempt to understand whether or not the cracks in 

the support matrix of a 22 ft. long magnet were actually associated with its 

traininq. The horizontal axis is the current through the magnet on any given 

cycle. The vertical along each curve shows the noise pulses as detected by 

amicrophone connected to themagnetstructure. For instance, the first 

curve shmsnoisepulses up to a current of about 2,500 amps at which point 

the lmqnet quenched. The next cycle shows thatthenoise pulses ware absent 

until the current of the first training cycle was exceeded, at which point 

noise again appeared. Thisrould~~interpretedasthesupportl~trix~acking 

and failing as higher andhigher force levels in then-aqhetare reached. 
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~imlly,on the 30thquench, tbsmagnetms fully trained, and it is seen that 

the noise pulses have completely disappeared. This type of experiment is 

suqqestivethatcracks in the supportmtrix are contributing to the training 

process but as a definitive experiment, it leaves smething to be desired. 

There is yetanotberparamster that can influence the quenching of a 

coil. This situation arises tiem a correction coil is placed inside of a 

dipole or quadmpole magnet or when several correction coils are wxmdtogether 

on one rrandril. A coil then finds itself imnsrsed in the field of a second 

coil. Thus, the maximum B of the coil is not determined by the curremt through 

the coil itself but by the current through the coil plus the applied external 

field. Projection 22 shcm the results ofmea suremantsmade at F&lab on 

a dipole correction coil intended to be used inside of one of the guadrupoles. 

These elemnts are used for trimin q the orbit and compensating for errors 

in the min bending dipoles. The curve across the top of the figure repre- 

sents a short sample limit of the wire. The vertical axis is the -ent 

through the coil, and the horizontal axis is the magnetic field at the high 

field point. The various curves that have shifted parallel to each other re- 

presents the effect of an applied external field. Projection 23 shows the 

tJxining curve of this correction coil. It was first started off with zero 

applied external field and trained up to about 140 amps. An external field 

was then applied at Quench No. 20, and it was necessary to again train the 

mgnet . These results will be presented in more detail in the correction 

coil session. I want to mention them here because it represents a difficult 

training problemthatmustbe solved whenever the extemal field inxhich a 

coil is imksrsed is changed. This action may require retraining the coil. 
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The problem cm be enhanced if the relative directions of the fields can re- 

verse because of the desired correction. It would be very useful if wa could 

learn how to construct a coil for this type of application with a minimum 

amount of training. The factthatthe traininqrecomten ces when the forces 

are redistributedwxitd sugqestthatin eachcase the wire is finding anew 

equilibrimn position. 

So far wa have been discussing guemhes observed when the magnetic field 

is changing very slowly. However, a synchrotron involves a rapidly pulsing 

magnetic field. The pulsing of the field can induce eddy currents in the 

coil and cause heating. This heating can cause the coil to guench at a lower 

cmrentthanis observedwbsn the jt isvery slow. We look briefly at the 

theory of this process. 

Projectim 24 shows why a pulsing magnet heats up. First of all, there 

are persistent currents that flow in the volume of the superconductor itself. 

This generates amqnetizationMpsrunitvolurre, and thismghetization is 

ahopenlcmp. The first -e shows such a loop of magnetization as a function 

of B, and it is observed that the energy loss per cycle is proportional B Fax' 
Eddy currents can also exist in the matrix. In this case,v,e findthat 

the ENFis proportional bandas thebottcmof the figure shows, the Joules 

per cycle in this case are proportional to & times T3. Projection 25 shows 

the behavior of the Joules per cycle as a function of B- holding 6 fix and 

as a function of 6 hold B -fixed. By measuring these -es individually, 
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ws can separate out the hysteresis loss from the eddy current losses. Pro- 

jection 26 shcws the actualquenchdependence of tw differentmaqnets as a 

function of ;. The 22 ft. magnet shows a much bigger effect of pulsing than 

the 1 ft. magnet did. Tkis effect is not understood, but these c?Ln-ves amply 

demonstrate the behavior of supsrconductinq magnets under pulsed field axdi- 

tions . Both of these magnets were fully trained. 

Our early magnets ware constructed of a cable where the 23 strands ware 

individually covered with St.&rite, which is a silver tin alloy. The con- 

ductors ware in rather intimate contactwitheachother, and the edd.y current 

losses in this matrix ware quite high. In fact, tbalossesware so high that 

steps had tote taken to reduce them. Ws investigated watingeveryother 

strand in the cablewithan insulating covering. This insulation consisted 

of -01, which is a copper oxide coating applied to the outer copper jacket 

of the strand. Projection 27 shws a oxnparison betwen two 22 ft. magnets, 

one of whichwas constructedwith Stabrite matedcable, and the secondused 

a cable which we call zebra conductor where every alternate strand is coated 

with t?lxmol. It is seen that in each case at fixed 5, the losses are propor- 

tional to B -, and that zebra type conductor has considerably smaller losses. 

Projection 28 shws the behavior of these losses at fixed B at varying z. 

The intercept at zero i represents the hysteresis loss in the conductor and 

shouldbe the sams in the twonmqnets. It is - that the eddy current losses 

in the Stabrite are large, and that the zebra conductor virtually eliminates 

this source of energy loss. One might expect a considerably different depen- 

dence of the quench current on the r* rate between these two types of maq- 

nets. Hcwever, Projection 29 shows essentially the same behavior for these 
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two cases in spite of the considerably different levels of power generated 

in the winding during ramping. 

Questions to be An-ed 

Fran the preceding discussion, it should be clear that the behavior ex- 

hibited by superconducting mgnets is not wall understood. We have sana emperi- 

cal an-s that are enabling us to produce successful magnets, but a science 

has not yet emerged from an art. I list saw questions that must be answared 

by future research (Projections 30 and 31): 

1. Where do quenches occur during: 

a. Training 

b. High; 

Itwouldbe greattohave anapparatus thatvmldlmalizequencbes 

specially. As far as I'ma-, themeasur-ts that1 displayed 

an the 1 ft. magnet are the only ones that have pinpointed exactly 

the sourceof singlequenches ina trainedmagnet. V&ware unable 

to apply this technique to amgnetduring training. The quencbas 

did not take place at the high field point. 

2. What is the source of energy to start a quench? 

a. Is it wire friction? 

b. Is it cracking of the support matrix? 

Iwouldliketomkea -ton the question of the support mtrix. 

The elastic energy stored is equal to: 

P.E. = l/2 EAx2 = P2/2E 
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where P is the pressure and is a function of B for a perfect coil 

and kiis the mu&of elastic strain that mustbeplaced in the 

coil in order to collar it. If we had perfect coils, it is seen 

from the first version of this equation that the potential energy 

muldbe decreasedby increasingthe Yomgsmodule of the support 

matrix. Hfz%ever, for nonlxerfect coils, the nx is themore pertinent 

variable because the collar determines the coil size, and the dis- 

placmsmt cx is det ennine by the accuracy of the construction of 

the uncollared coil. If the coil is not accurately made, Ax may 

be much larger than that necessary to provide the forces for cmduc- 

tor constniint. In this case, the second version of the equation 

shms thattkelastic energy is increasedby increasiq theYomgs 

scdulus. 

3. Cooling -howdoes it affect the quenches andthe training? 

A coil that is near 4.2O K has very high heat conductivity due to 

the copper inthe cable. Hcwaver, the heat capacity is proportional 

to T3 and is very mall. This means that the relaxation times lo- 

cally obsemed will be exceedingly short. The dynamic transfer of 

heatfrmthewire to the ccolingmediumcouldbeins +zrLmEmtalin 

changing the nature of the training. The work that has been done 

on using He11 at one atntxphere pressure as a cooling fluid at 

Saclay and at Berkeley is suggestive of interesting effects that can 

beobservedattheselowartmperatures. Itcouldbe that regard- 

less of the material that future coils are made out of, it would be 

advantag~us to cc01 them with HeII. 
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4. what is the effectof the suppxxtmtrix andwhatroledcesqlar 

around the cable play in the training processes for a mgnet? 

Epoxy has been observed to be very bad in certain cases. In other 

cases, it seem to be good. We need to understand the effect of 

plastics that are in contact with the superconductor. 

5. The effect of external fields upon the training of coils. 

6. We need research on controlling eddy current losses within the 

winding. At Fexmilab, we have ccm? up with an emperical solution 

involving ebonol and Stabrite. Our investigaticm of magnets mn- 

structedof pure ebonolinsulatedcable indicated that the current 

sharing ammg'che strandswas inhibited by thismuch insulation, and 

sme of the all-&on01 magnets parfomEd very poorly, reaching per- 

haps only 80 percent of the short sample limit. On the other hand, 

- of the magnets performed very wall. TGhy does ebonol scmetimas 

work and sometimes not? It was observed also during this series of 

tests that a layer of Kapton down the center of the Rutherford cable 

reduced the hysteresis losses. TIYS hysteresis losses in these maa- 

suresents include not only the real hysteresis of the conductor, but 

also the effect of any frictional forces inside of the magnet or 

conductor. Perhaps Kapton was reducing these frictional losses. 

Additionalresearchon this subjectoouldlead to a significant 

savings in refrigeration. 



- 50 - 

7. Finally, a subject on which I have not spent any tine andwhichis 

very important to understand in more detail is the guestion of radia- 

tion frcmthemchine inducing quenches in the winding. Scma data 

has been accmnilated on the subject at Brcokhaven and at Fermilab. 

Magnet Quality and Construction Techniques 

Projection 32 and 33 show the equations that determine the magnetic field 

in terms of the current distribution in the winding for a current shell. The 

vector potential has only a i! cmqmnent, and inside radius r = ahast- 

that are proportional to ?. The coefficients Aa, axe determined by the cur- 

rent distribution. M = 1 is the dipole field and involves the integral of the 

two curves shave along the right hand side of the figure. The quadrupole is 

equalf=z-bysymnetry- Thesextupolecan~~etovanishbystopping 

the winding at the 6O'point. The cctapole is zero by symmetry, and in the 

case of the Fexmilabmagnet, the dectapole canbemdeto equal zero bybal- 

ancing the inside coil angle versus the outside coil angle. Projection 34 

shows the quadrupole field at the top and the skew guadrupole field at the 

lzr3tm. These fields will be generated by errors in the winding that cause 

a lack of symmetry. Projection 35 shows the results of an exact calculation 

by Stan Snmdon for the (Bdl through theFe.milabnqnets. Guttolin., 

the field integral is constant to about one part in lo4 for a perfectly con- 

structedmgnet. However, it is very iqmrtantto recognize that the magnets 

thatm are dealingwith are different than the ones that have been used in 

the past. The field in eachmgnetis uniquely deteminedby the current 

distribution in that magnet and not by the shape of an iron conductor that 
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can be replicated easily by means of precision stqpings. A little calcula- 

tion shows that in general the conductors must be positioned to an accuracy 

of the order of l/1000 of an inch. It should also be clear that the accuracy 

of the envelope is det tzmninedby the mlhring structure that supports the 

coil. We are thus faced with a new problem in nqnet construction, namsly, 

ws can get a given field provided wa can hold the plac-t of the conductor 

to a sufficiently snell tolerance. The first iqxrlse is to try the solution 

shown in Projection 36. I call this approach the Old mrld Craftsmanship 

approach. Each coil is constructed with very high precision and very careful 

control. Maxwell's equations then guarantee that we will have the proper 

field. Hawzr, I feelthatthis is an analog canputer for solving these 

equaticns, and it does not represent a viable solution for rwtss prcdwing 

superconducting magnets for use in high energy raachines. Father, we need to 

applyxxdem controltecbniquestothis problem. Figure 37 shows a block 

diagram of the new type of approach. In this case, there is a factory whose 

basic function is to take in all of the raw r&aterials and produce a finished 

coil in a fairly reproducible fashion. We thenmeasure the output of this 

factory using awarmboremagnettestingtechnigue and feed the errors back 

into the factory in order to cancel out the noise. This is the systemthat 

has been developed at Fennilab. At present the feedback loop is not closed 

cm an individual magnet. The test is made at the point when the coil is col- 

lared when about l/3 of the cost has been invested in the magnet. If a coil 

is out of tolerance, te rcun terrperature test will indicate the trouble, and 

the collars can be removed and the coil recollared. However, at presents 

are tryingveryhardto close the feedbacklcopwith zem delay. The theory 

of this is explained in Projection 38. 
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Iwuldliketo cmnent a little bit on the philosophy that has been 

evolved for coil construction. Rather than controlling with great accuracy 

the shape of a coil, we have put a great deal of effort into building a ma- 

chine that will make coils in a fairly reproducible manner. It does not mat- 

ter if the coil is exactly round or if it is elliptical. Any nearby magnet 

shape will have an expansion in field harmonics of the type shown in Projec- 

tion 32. Thehighhanronics will be roainlydeteminedby the comers of the 

o&l blocks. Thernagnetconstructor has very little control over these things. 

The lower hatnonics are detetied by slow variations in the coil canpaction. 

Figure 38 shm a perfect coil as a rectangular block and an actual conductor 

distributionthatmightbeobtainedoutof suchaproductionmachine. The 

short termwiggles in this curve only couple into the high h-nits in a 

rather insignificant fashion. However, the gross variation couples into the 

l- 5 field harmolll 'cs and causes these coefficients to fluctuate. In fact, 

experience has taught us that the guadrupole, the sextupole, andoctapole 

terms are the place wfiere one has the main problene with field quality. How- 

ever, the integrals that determine these coefficients are not only determined 

by the distribution of current over the block but also by the angle at which 

it is terminated. If one could measure these lower hamonics and then shim 

the individual coil blocks to have individually determined angles, one could 

uxrectthelcwarhanmnics of the coil for any inaccuracywithin the body 

of the winding. The Fermilab coils have just this feature. First of all, 

we use the room tenxperature rseasureaxent to eqaarically determine the distri- 

bution of wire in the body of the coil, and, secondly, we can control the 
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field by inserting shims as is shown in Projection 39 at the keys of the col- 

lar. There are 8 points where shims can be inserted and, consequently, there 

are 8 harmonics that can be corrected in the coil. At present, we are con- 

structing ateqorary collaring apparatus thatwillallowus tomeasure the 

mmalmd skew, guadand sextupole mmsnts of the winding. This process 

will only take an hour or so and then individual shims cam be placed in the 

magnet at the points indicated in order to individually correct a coil. When 

this system is in operation, it is anticipated that we will control the field 

to a few parts in 104. 

There is a systxmatic source of field errors other than just errors in 

the winding. As menticmed previously, the forces in a coil are very lxge. 

These forces cause conductor motion and so a coil, evenwithperfectly placed 

conductors, would have a field that is dependent upon current. Projection 40 

shae the forces on individual conductors in one of the Femilab magnets. 

In addition to the forces shown in cross section, there is an axial force of 

16,000 lbs. which lengthens the coil by about .07 in. during pulsing. 

Projection 41 shcms the azimuthal force as a faction of conductor mm- 

her for the inner and outer winding of our magnets. It is seen that the 

force is almost linear with conductor number. The force is largest at the 

high field near the top key of the inner winding. Let us now calculate the 

effect of this force on the conductor. Todo this to the accuracy reguired 

at this point, does not involve using a big coquter and a "finite element" 

stress analysis program. We can get a good feeling for the problem by the 

following sinple model. 
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Projection 42 shows the winding as a series of springs. The one end is 

at the key and is fixed, and the other end is the centerline or the midplane 

of the magnet winding and is fixed by symw&ry. The forces shown as pi are 

linear aztithal forces shown in the last figure, and the spring constant 

represents the mined elastic constant of the cable plus the insulation 

matii.x. We can linearize the problem and treat the springs as though they 

hadafixedconstantk. We will treat pi as proportional to i, the conductor 

n&r. The difference equation can be solved, and it gives a displac-t 

aXi as a cubic faction of the conductor number. The maximum displacewnt 

cccurs a littlebitpastthe center of the winding. 

IXmiever, the main point for solving this problem is to find out the pre- 

load necessary in the spring inorder tokeep the endof the coil near the 

key in contact with the key when the coil is magnetized. This force for our 

magnet turns out to be about 1500 per linear inch of length of conductor. 

The resulting motion for a Youngs modulus of the mtrix of about lo6 lbs./an 

is about 2-l/2 mils n~~irmnn and is shown at the top of Projection 43. 

In addition to this elastic motion of the winding, there is also an 

elastic xtx%ion of the coil collars. This is shcwn in thebottcanof Projec- 

ticm 43. The circular collars distort into a slightly elliptical shape. The 

diagram shown is much exaggerated. The pint at 45 does not change in ra- 

dius but moves in azimuth. The pints at the pole and the equator donot 

nrxe in aztith but m5ve in a radial direction. We thus have altogether three 

rrotions of the wire that combined to make field errors. These motions all 

are proportional to B2 in their magnitude. The amplitude of them at 40 kG 
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is shown in Projection 44. se and sr are due to the collar m&ion. The 

direction of these curves can he understood as follm: so oxnpacts the 

winding more to the equator and, hence, makes the field stronger as one goes 

toward the winding. E~IIDV~S thewindingaway frcmthe axis and, hence, causes 

the field to fall off. The detailed mechanics of the collars connect E r 
and se. If the collar was a uniform ring, sr wxld be twice sB. The sum of 

the abovetermsis shown in the bottxnof a figure and for a coqariscm, the 

snrxmt of sextupole necessary for chrormticity correction, if it were distri- 

buted uniformly throughout the dipoles, is shown as a dotted curve. This is 

only shu..m to give one scme feeling for the magnitude of the error fields 

involved. 

The point1 ~uldliketomake here is that there aremany reasons that 

correction coils are necessary in a superconducting machine. The persistent 

currentsmustbe corrected, and their major ccqonentis a sextupole term. 

Inaddition, as wehave just seen, conductor nrkion causes a distortion of 

the winding during pulsing, and finally, the residual of the iron yoke must 

be corrected, and a chromoticity term must be added. They must also provide 

correctian fields over the whole range of magnet operation. This indicates 

that the correction circuit problem needs much more attention in a supercon- 

ductingmachine than it has received inpastmachines. 

I muldnowliketo address aproblanthathas caused and is causing an 

enormous amount of difficulty. This has to do with the subject of preload. 

Whatever scheme is used for confining the coil, the mechanical forces must 

exceed the magnetic forces or the coil will move away fran the support form. 

Once this happens, the guality of the magnetic field deteriorates rapidly. 
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In addition, we have seen in the first part of the discussion that the situ- 

ation can lead to excessive training or the coil not reaching its short sam- 

ple limit. However, there is a nasty reality that must be faced here. The 

coil when it is cold shrinks away frcm the collars. Thus, the stress in the 

coil at loom temperature is much bigger than it is when it is cold. Projec- 

tion 45 shms atypical situation that we have encounteredat Fermilab. The 

coil size is shun along the horizontal axis, and the force applied is shown 

along thevertical axis. The open loops represent the stress strain diagram 

for the coil matrix. When the coil is cooled, it shrinks relative to the 

collar and winds up at the pint indicated on the drawing as "preload." This 

preload must be greater thsn the magnetic forces or the conductor will mve 

away fran the ccmfininq collar. Thus, one can see that the mre coil shrinks 

relative to the collar, the nmre it must be canpressed at rccm temperature 

in order that the proper preload will exist when it is cold. The details are 

shmninPmjectiox-146. There doesn't have to be a solution to this problem 

if the coil shrinks too much relative to the collar. It could easily happen 

that the mtrix crushes before a sufficient preload at room temperature could 

ix applied. We do not know hm to control the me&anical properties of the 

insulaticmmatrix, and researchneedstobedone on this subject. 

Projection 47 and 48 shm scpre of the areas thatwe need to investigate. 

Fatique Stability 

1. Coil support. We do not knm how to build a satisfactory suppxt 

structure for a 10 Tesla coil. Muchwxk needs to be done on this 

subject. 

2. The mechanical properties of the insulation and its aqing under 

mny magnetic cycles is not understccd.. 
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3. The cryostat is also subjected to both thermal stress and magnetic 

stress. Wrk needs to be done on this subject. 

4. It is not known whether stainless steel at high stress, lcw tempera- 

tures, and high fields is stable. 

Matrix 

5. At Fermilab the support matrix has sm of the properties of styro- 

foam, namely, it crushes inelastically after a certain force is 

applied to it. It behaves elastically around the permanently de- 

formed position. This leads to easy assembly of the coils. This 

solution is probably not applicable at the 10 Tesla level. 

6. One can imagine strengtheninq the suppnrtmatrixby impregnating 

the epoxywithal&umoxideor glass. We triedthisas snexperi- 

ment once, and it leads to an exceedingly stiff coil. Glass IMY be 

necessary if one goes to Nb3Sn conductor. 

7. In addition to supplying support, the rratrix has to provide adeguate 

insulation andguarantee that there are no turn-to-turn shorts. 

This represents a wide area that needs study. 

cryostat 

8. Cryostats need mxe research on them. Themechanicalsupportthat 

the cryostatmustprovideis such thatthemagnetverticalaxis needs 

to be stable to a mrad, and the X and Y pxition of the guamles 

stile to 20 mils or better. This, in spite of rather large mechani- 

cal deformations. The Fennilabmagnets shrink abut3/4 in. between 

rcxsm temperature and liguid helium temperatures. The behavior of 

superinsulation ina large cryogenic systemneedsto be studied. 

Haw stable is the infrared reflection ccefficient of superinsulation? 
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9. HOW does one counter the themal stresses in a cryostat? 

10. And how does one find leaks in a large system? 

11. Hui does one rapidly warm up a system and change a magnet? 

12. And the question of high current leads needs to be studied more. 

Quality Control 

13. Finally, the question of quality control needs to be studied in much 

mre detail. Ws have made tremendous strides in this field, but wa 

have consistently underestimated the care that must be exercised to 

build a sulzwxcmductinq mgnet. 

Sys- 

Hm does a large system of magnets behave? AtFemilab,w have three 

areas where thebehavior of stringsof superconductingmaqhetsis being studied. 

The first is the program atB12 which is above ground and involves a strinq 

of 16 magnets and their associated quadrupoles. It represents as closely as 

pxsible the conditions that will be found in a string of magnets in the tun- 

nel. Quench protection techniques are being studied. Failure modes of sys- 

tans ofmgnets will also eventually be studied ix this area. So far the 

string has been pulsed to about 3,000 amps and quenched safely. The pressure 

rise in the cryostats under quench conditions and the behavior of the cmlinq 

system for themgnetstringis alsobeing invastiqated. 

There are alsotm strings ofmagnets installed in the tunnel. One has 

been ccoled for more than a year, and the second one is just now startinq to 

cooldmn. what problems can arise in a systemofmgmets? 

First of all, each one of our magnets stores about 350 kJ. If a magnet 

quenches, its terminals are shorted by an SCR, and an internal heater is 

fired in order to drive the magnet norm1 as fast as possible. The energy 
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from the nonquenching magnets is extracted and dissipated in an external 

resistor. Brookhaven and Fermilab have evolved twz different scherws for 

protecting their magnets. In each case, the full energy within a magnet is 

dissipated in the conductor. 

To understand how this wrks, consider Projection 49. Here we shw a 

piece of the cunductor going n-l and generating a quantity of energy given 

by ILrdt. If we neglect the helium ccolinq, this heat has to result in a 

temprature rise to the material which is equal to CdT. We can rewrite the 

equation as shave in the second line. The heat capacity and the resistance 

as a function of temperature are known, hence, the right side of the equation 

can be n-ically intqrated and is only a function of the final tenperature. 

Thus, for a given final temperature, there is a fixed I 12dt the conductor 

can tolerate. We have made detailed measurements of this property of the 

mnductor and find that at high currents the helium cooling can indeed be 

neglected, and the curve shown in Projection 50 for the temperature as a func- 

tion of I 12dt is quite accurate. One can check this byexposinq the con- 

ductor to a given I 12dt that should take it to the melting point of either 

St&rite or Mylar. These two substances give a calibration point at about 

600° I(. 

Themagnetprotection systemmustalways keep the / 12dt below saw value 

set by the designer. Since the conductor has to absorb all of the energy in 

the magnet, one can 1owe.r the average by driving all of the conductor in the 

magnet norm31 at once. I?NL does this by causing the quench to propagate by 

them1 conduction over a large number of turns in the magnet. At Fermilab, 

wz apply an active quench protection system, and we actually activate a 
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beater in contact with the turns in order to spread the guench over a large 

region of the magnet. Once enough conductor turns normal, the resistance 

tecceneslarge, and the time constanttodischargebecomes short. Thus, the 

J I'dt is limited. The Fermilab magnet protection schems holds the I 12dt 

to abut 5 x lo6 amps2/sec. It should be noted that as Projection 49 shows, 

TItL% varies like an exponential of I 12dt, so this quantity must be carefully 

controlled. 

When a magnet quenches, abnom~l voltages appear across the turns. In 

order for themagnetto survive is the voltage betweenturns~tnotkec~ 

large enough to cause breakdown. Helium is not a very qccd insulator in its 

gaseous form. Projectian 51shcws xn~empericalbreakdcwndata for the 

Femailabtype conductor as measured atvarioustemperatures inhelium. Addi- 

tional data that has been measured is shown in Projection 52. It is safest 

to disreqardthe properties of heliumas an insulator and insure that the 

conductor is adequately insulated by some material such an mylar in order to 

guarantee that there will not be shorts when the magnet quenches. 

Another problem that will be encountered in large systems is the radia- 

tion quenching of the magnets by any beamthatmanaqes to hit them. Saw 

measur-ts have beenmade onFermilabmaqnets,andthese appear in the 

Tevatron Design Report. I shaw two examples in Projection 52. The cases 

were studied: 

1. A fast beam loss, such as that would be encountered in slow extrac- 

tion. 

2. A slow beam loss, as wxild be enmuntered in slow extraction of the 

beam, for example for use in t.be Meson Lab. 
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Hew ~~11 we can control these loss mechanics will control how close 

we can operate the machine to the short sample limit. A great deal of work 

needs to be done in this area yet. 

Let IRS SumMT xe here scma of the systems problems that we are qoing to 

have to cope with. I have already mentioned the quench protection systems 

are passive at BNL and active at Fermilab. I think aquestionremains of how 

active the system should be. In the Femilab case, a microprocessor is mni- 

torihq the magnet behavior. ohs next level of sophisticatim above protectinq 

the~~gnets~.~uldinvolvem>nitoring the cryogenic part of the systemand 

minimizing the perturbation to the refrigeration. 

The cooling systemis uniquebecause a synchrotronis spreadoutover 

a large area and is very ccmplicated with mny parallel paths. The system 

needs to be brought under canputer control. There ace scme special problems 

that arise because when the system is pulsed, a large heat load is added 

throuqh the eddy current and hysteresis loss in the magnets. In the Femilab 

case, this results in a large evolution of gas which must be handled by the 

refrigeration system. 

We desperately need new leak detection systems and ways to isolate leaks 

in the complicated cryostats that house themagnets. Weneed to study how 

to get fast access to the magnets in order to change them if one is damqed. 

We need to understand for the future the behavior of superfluid helix in 

large systems. 

Power supplies will need additional developmnt. The long spills that 

are possible with the supermnductinq system can change the proton econw. 
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Lang spill times mean that the secondary beams will become major users of 

protons. In the past, the counting rate has set a limit to the nmber of 

protons that could be utilized in these beams. Long spills involve very 

stable -r supply systems. 

Correction coils will demand much more cmplicated programs and more 

sophisticated power systems in order to correct the field dynamically. In 

the past, the main burden of qood field has been placed upon the dipole mq- 

nets, and this good field has been determined by iron stampings. This is no 

longer true, and indeed, in the future it could keaxe very expensive to place 

the main burden for qocd field on the dipoles. The correction coils must be 

considered as part of the econcmic equation. It may well be less wive 

to concentrate sore on the correction circuit and less on the quality of the 

dipoles. 

Finally, as I have mentioned, VZ? need much more work on understanding 

the interaction of radiation on the magnet system. 

Conclusion 

I would like to conclude this talk by s UmMI-izinq shortly our situation. 

We have not s&e very much scientific progress in understanding training and 

the quenching phenomena that take place inourmaqnets. Inorder to take the 

next step and qo to a 10 Tesla magnet, much work needs to be done. The sup 

port matrix must te understood in detail, and the black magic turned into a 

science. We need to understand the action of He11 on the cooling system, and 

in order to gc to higher field nmgnets, we may wall have to develop new tech- 

niques to form% Sn in situ. We have made great strides in understanding the 

role of quality control in the construction of magnets and understanding the 
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manufacturing process that will econcmically construct useful magnets. We 

are on the verge of obtaininqrmxh information about systems of magnets and 

hew to control them, and I feel we are making great strides in this field. 

It seems inconceivable to me that only five years ago we were still building 

1 ft. model rraqnets at Fermilab. However, it is still true that many inter- 

estingandvexinqquestions still remain. 

Many of my colleagues at Fermilab were involved in collecting the infor- 

mation I have discussed. Their n-s can be found in the appended Bibliography. 

Finally, the great influence of Dr. R. R. Wilson can be seen throuqhout 

the !SNAL work. 
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